We investigated the possibility of acceleration of ultra-high-energy cosmic rays (UHECRs) in nearby active galactic nuclei (AGNs) using archival multi-wavelength observational data, and then we constrained their physical conditions, i.e., the luminosity of the synchrotron radiation and the size of the acceleration site. First, we investigated the spatial correlation between the arrival directions of UHECRs and the positions of nearby AGNs in the Fermi third gamma-ray source catalog. We selected 27 AGNs as candidates of accelerators of UHECRs. Then, we evaluated the physical conditions in the acceleration regions of these AGNs via the Pe'er and Loeb method, which uses the peak luminosity of synchrotron radiation and the peak flux ratio of inverse Compton scattering to synchrotron radiation. From the evaluation, we found that six AGNs have the ability to accelerate ultra-high-energy protons in the AGN cores. Furthermore, we found that the minimum acceleration size must be more than a few kpc for acceleration of UHE protons in the AGN lobes.
INTRODUCTION
The origin of ultra-high-energy cosmic rays (UHECRs) (E > 10 18 eV) is an important astrophysical problem. The acceleration sites and the acceleration mechanisms of UHECRs remain unsolved since their discovery 50-60 years ago (Clark et al. 1961) . A part of the UHECRs is thought to be accelerated by nearby active galactic nuclei (AGNs) (e.g., Bierman et al. 1987; Takami et al. 2011) . Recently, a spatial correlation between UHECRs and nearby AGNs has been discussed using data observed by cosmic-ray observatories (e.g., Abreu et al. 2010; Abu-Zayyad et al. 2013) . However, it is difficult to strongly constrain the origin of UHECRs using spatial correlations because the experimental statistics of UHECRs are insufficient due to the current sensitivity of the cosmic-ray telescopes. Even though several authors have carried out the correlation studies with more detailed statistical methods (e.g., Kashti et al. 2008; Takami et al. 2009 ), UHECR data with additional statistics are needed to draw a decisive conclusion. To discuss the origin of UHECRs, multi-wavelength observations and spectral energy distributions (SEDs) can be additional important clues. Several authors have discussed the acceleration of UHECRs using multi-wavelength observations (e.g., Murase et al. 2012; Pe'er and Loeb 2012; Zhang et al. 2014) . Out of them, Pe'er & Loeb (2012) have derived constraints with regard to the ability of AGNs to produce UHECRs using the peak fluxes due to synchrotron radiation ((νF ν ) peak,sync ) and the inverse Compton scattering (IC) ((νF ν ) peak,IC ) of high-energy electrons. However, the capacity to accelerate UHECRs has only been discussed for famous high-energy sources such as Centaurus A (Cen A) and M87. In this study, we expand the number of high-energy sources and investigate the possibility of the acceleration of UHECRs in individual AGNs using the Pe'er and Loeb's method. Gamma-ray observational data in GeV region is required to determine the peak fluxes due to IC ((νF ν ) peak,IC ) used in the method. GeV gamma-ray observations have been advanced by recent gamma-ray observations with the Fermi Gamma-Ray Space Telescope (Massaro et al. 2016 , and references therein). We used gamma-ray data observed by the Large Area Telescope (LAT) onboard the Fermi Satellite (Atwood et al. 2009 ), which operates in a sky-survey observing mode and covers the entire sky every 3h. This satellite has detected multiple gamma-ray sources, and the third Fermi-LAT gamma-ray source catalog (3FGL) includes approximately 1600 AGNs (Acero et al. 2015; Ackermann et al. 2015) . In this paper, we evaluated the ability of sources to accelerate UHECRs in nearby AGNs detected by the Fermi-LAT, and then we constrained the physical conditions (the luminosity of the synchrotron radiation and the size of the acceleration site) for acceleration of UHECRs.
THE SEARCH FOR CANDIDATE SOURCES OF ACCELERATOR OF UHECRS
We selected the candidates for accelerators of UHECRs using the following two steps: (1) We investigated the spatial correlation between UHECRs detected by the Pierre Auger Observatory (Aab et al. 2015) or the Telescope Array (Abbasi et al. 2014) and AGNs in the 3FGL (Acero et al. 2015) . We used the observational data from the Telescope Array for the northern hemisphere and the observational data from the Pierre Auger Observatory for the southern hemisphere. The energies of UHECRs observed by the Pierrer Auger observatory and the Telescope Array are over 5.2 × 10 19 eV and 5.7 × 10 19 eV, respectively. We selected the AGNs including one or more than UHECR within 4
• of the positions of AGNs in the 3FGL. The selected radius of 4
• is based on the typical uncertainty of an arrival direction of a UHE proton due to deflection by the Galactic magnetic field (Takami 2006) . If UHECRs are heavy nuclides, the deflection angle due to the Galactic magnetic field is large (e.g., >50
• at 5 × 10 19 eV Giaconti et al. (2010)). In this case, we cannot narrow down source candidates of UHECRs. Therefore, in this study, we focused on the acceleration of protons. We found 183 AGNs that have a spatial correlation with UHECRs. (2) We selected AGNs that have redshifts (z) less than 0.1 because the energy loss of UHECRs by pion photoproduction with microwave background photons limits the propagation length to z∼0.1 (e.g., Greisen 1966; Zatsepin et al. 1976 ). The redshifts were derived from the NASA/IPAC Extragalactic Database 1 and the Roma BZCAT-5th edition . In the end, we identified 27 AGNs as candidates of accelerators of UHECRs (see Table 1 ).
VERIFICATION OF POSSIBILITY OF ACCELERATING UHECRS
First, we briefly explain the theory of Pe'er and Loeb (2012) . Assuming that electrons are being accelerated in the same acceleration region of the UHECRs, the energy spectrum due to synchrotron radiation can be obtained at radio, infrared, optical and soft X-ray bands. The peak flux of synchrotron radiation in an AGN can be approximated by Eq. (1),
Here, n e , V , d L , c, σ T , γ e and B are the number density of electrons, the volume of the emission region, the luminosity distance, the light speed, the Thomson cross section, the Lorentz factor of an electron and the strength of the magnetic field, respectively. D = [Γ (1 − β cos θ ob )] −1 is the Doppler factor of a jet for an observing angle θ ob of an AGN, where Γ is the Lorentz factor of the jet and β is the ratio of v to c, where v is the speed of the jet. Here, we assume that we are inside the radiation region of a jet. Therefore, θ ob < max (Γ −1 , θ jet ) and D ≃ Γ, where θ jet is the opening angle of the jet.
The SED of an AGN has a second peak in the high-energy region (hard X-ray and gamma rays) due to IC that results from seed photons. The origin of seed photons can be synchrotron radiation itself (Synchrotron Self-Compton scattering model: SSC model) and/or external radiation fields (External Radiation Compton scattering model: ERC model) originating from the cosmic microwave background (CMB), extragalactic background light (EBL), or dusty torus surrounding an AGN. Here, we do not assume the origin of the seed photons and denote the frequency of a seed photon by ν seed . The frequency of outgoing photons due to IC is ν IC = (4/3)γ 2 e ν in . The peak monochromatic flux of IC is (F ν ) peak,IC = τ (F ν ) peak,seed , where τ ≃ ∆ln e σ T . Here, we approximate the volume of the acceleration region by a cylindrical shape V = πr 2 ∆l with the radius r and the height ∆l. Substituting these results into Eq. (1), one obtains
To accelerate particles up to the energy of UHECRs via electromagnetic processes, the particles need to be confined in the acceleration region. Therefore, the size of the acceleration region must be larger than the mean free path of the particles. This condition is given in Eq. (3),
where r, E ob and Ze are the size of radius of the acceleration region, the observed energy of UHECRs and the charge of UHECRs. η (≥ 1) is the ratio of the mean free path of the particle to the Larmor radius, whose exact value is determined by the details of the particle transportation. Combining Eqs. (2) and (3), we obtain
From Eq. (4), the peak flux due to synchrotron radiation can be constrained using the ratio of the peak fluxes. We evaluated the peak flux due to synchrotron radiation as described in Section 3.1 and 3.2.
Second, we will explain the evaluation method for the peak flux ratio of IC to synchrotron radiation using archival multi-wavelength observational data. The SED data were obtained from the NASA Langley Research Center Atmospheric Science Data Center (ASDC). Each component of the low-energy and the high-energy regions was fitted with a third-order polynomial function using the chi-square method to phenomenologically reproduce the spectrum (Kubo et al. 1998) . Figure 1 shows each SED of the AGNs, and the peak flux ratio is summarized in Table 1 . Note that the SED of the core of Centaurus A is based on the data of . Its peak flux ratio was determined by a fitting with the same method. For the SED and the peak ratio of the lobe of Centaurus A, we also used the result of because there were insufficient data points in the ASDC.
CONSTRAINT ON MINIMUM PEAK LUMINOSITY DUE TO SYNCHROTRON RADIATION
In the case that the acceleration region in an AGN is the core, gamma rays from an AGN are typically produced by IC of synchrotron photons by high-energy electrons. Then, the ratio of the peak flux due to IC and synchrotron radiation Y = (νF ν ) peak,IC /(νF ν ) peak,sync can be used as a probe of the peak luminosity due to synchrotron radiation L peak,sync in the acceleration site. Here, we have assumed that the seed photons of IC scattering are synchrotron photons (SSC model). In this case, the minimum luminosity is constrained by the ratio of the peak fluxes. From Eq. (4), a constraint on L peak,sync can be written as
Here, we have assumed (η/Z )βD = 1 and Z = 1. By comparing the minimum constrained value of the luminosity to the observed luminosity, we evaluated the capability of particle acceleration up to the energy of the associated UHECRs. Figure 2 shows the distribution of synchrotron radiation luminosity as a function of Y . The solid line in Figure 2 shows a boundary where an AGN core can accelerate UHECRs of 5×10 19 eV corresponding to the lowest energy of the observed UHECRs. The dashed line shows a boundary where an AGN core can accelerate the UHECRs up to 8.38 × 10 19 eV. This is the maximum of the energies of UHECRs associated with candidate AGNs having the ability to accelerate UHECRs in AGN cores. Moreover, by rearranging Eq. (5) and assuming that (η/Z )βD = 1, we can obtain the theoretical maximum energies, E max = 5 × 10 19 (L peak,sync /10 44 erg s −1 ) 1/2 (1/Y ) 1/2 eV; they are summarized in Table 1 Note that the peak flux in the low-energy region of 3FGL J1413.2−6518 (the Circinus galaxy) can be given as an upper limit of the thermal radiation (e.g., IR bump and big blue bump), which is dominant over the synchrotron radiation. The allowable luminosity of the synchrotron radiation can be given as, L peak,sync = 6.4 × 10 43 (d L /1.3 × 10 25 cm) 2 ((νF ν ) peak,IC /2.9 × 10 −8 erg cm
This locates in the forbidden region in Figure 2 . Therefore, we could not strongly constrain the capability of the Circinus galaxy to accelerate of UHECRs.
CONSTRAINT ON ACCELERATION SIZE OF AGN LOBE
UHECRs can be accelerated in the turbulent outflow or at the termination shock of giant AGN lobes. In this case, the external photons are dominant as seed photons because the energy density of synchrotron photons is negligible (ERC model). When the size of radius of the acceleration region is R acc , the energy density of synchrotron photons is estimated to be u
44 erg s −1 ) (R acc /10 kpc) −2 (D/10) −3 eV cm −3 2 , which is smaller in comparison with the energy density of CMB, u
; the primed quantities in the equations indicate measurement in the jet comoving frame (Stawarz et al. 2003 ). The energy density of EBL (e.g., u EBL ≃ 6.5 × 10 −3 eV cm −3 (Dole et al. 2006 )) has been estimated by several models (e.g., Dominguez et al. 2011; Franceschini et al. 2008; Kneiske et al. 2010) , and they have been found to be smaller than the energy density of CMB. Therefore, we used only CMB as seed photons. When CMB photons are dominant as seed photons, the peak flux of the seed photons is calculated by (νF ν ) peak,seed = πR 2 acc cu CMB /4πd 2 L . Combining the above equation and Eq. (4), we obtain
Here, we have assumed that (η/Z )βD = 1. Using Eq. (6), we have calculated the minimum sizes of the acceleration region (R acc,min ) required to accelerate the particles up to the energies of the associated UHECRs. Figure 3 shows the distribution of the minimum acceleration sizes of the AGNs; they are summarized in Table 1 . We found that the minimum lobe sizes are required to be more than a few kpc in the case that UHECRs are protons.
ACCELERATION OF UHECRS IN CENTAURUS A
Cen A is the nearest AGN and its apparent size is very large (about 8 • ). It has frequently been oserved in multiwavelengths (e.g., Steinle et al. 1998; Meisenheimer et al. 2007; Aharonian et al. 2009; Fukazawa et al. 2011 ). The point-like gamma-ray source and the extended source observed by the Fermi-LAT are spatially correlated with the core of Cen A ) and the giant lobe of Cen A , respectively. Moreover, they have the spatial correlation with directions of UHECRs. The peak flux ratio for the core is 3 and its plot is shown as the blue square in Figure 2 . Therefore, the core region of Cen A cannot accelerate UHE protons, which is consistent with Pe'er and Loeb (2012). In the case of the acceleration of UHECRs in the lobe, we derived the minimum acceleration sizes for the north and the south lobe to be ≥ 105 kpc and ≥138 kpc, respectively. From previous radio observations (e.g., Shain 1958; Burns et al. 1983) , the lobe size is ∼300 kpc, which is consistent with our estimations of the minimum acceleration sizes.
DISCUSSION AND CONCLUSION
We evaluated whether the selected AGNs could accelerate UHE protons using the peak synchrotron luminosity and the ratio of the peak fluxes. We found that 27 candidate sources for accelerators of UHECRs from the selection using the spatial correlation between the directions of UHECRs and the positions of the AGNs in the 3FGL catalog. From the constraints imposed by the peak flux ratios, we found that the UHE protons can be accelerated in six AGNs cores. All these sources have been classified as BL Lacertae objects. We note that it does not rule out the possibility that the UHECRs in the six AGNs could be accelerated in other regions such as AGN lobes. Here, we calculated the probability that all of the selected six AGNs were BL Lacertae objects coincidently. Out of blazars whose redshifts are < 0.1, the sources are 69.5% BL Lacertae object, 3.4% flat-spectrum radio quasar (FSRQ), and 27.1% blazar candidate of uncertainty type (BCU). The classification of the BCU sources was estimated using an artificial neural network method to quantify the likelihood of each 3FGL BCU being more similar to a BL Lacertae or a FSRQ (Chiaro et al. 2016) . Using this classification, the percentage changed to 91.5% BL Lacertae, 3.4 % FSRQ, and 5.1% remaining BCUs. The probability that all six sources are BL Lacertae objects was estimated to be 58.7%. Therefore, we cannot rule out the possibility of the chance coincidence. Note that the core regions of f AGNs cannot be acceleration sites of UHE protons; however, the possibility of accelerating UHECRs in these sources cannot be ruled out in the case that UHECRs are composed of heavy nuclei, and the composition of UHECRs is still debated (e.g., Abbasi et al. 2015; Cazon et al. 2012; Abbasi et al. 2010) .
Assuming that UHECRs are accelerated in the AGN lobes, we found that the minimum sizes of acceleration regions of the candidate sources are required to be more than a few kpc. Out of the 27 sources in Table 1 , the physical sizes of the radio galaxies are known due to previous radio and optical observations. In this paper, four radio galaxies (3FGL J0418.5+3813c (3C 111), 3FGL J1145.1+1953 (3C 264), 3FGL J1324.0− 4330e (Centaurus A) and 3FGL J1346.6−6027 (Centaurus B)) were selected as candidate sources. Each minimum acceleration size estimated in this paper and each real lobe size are summarized in Table 2 . We confirmed that the real physical sizes of these radio galaxies are larger than the estimated sizes of acceleration regions. This is consistent with the hypothesis that these radio galaxies accelerate UHECRs in their lobes (e.g., Baum et al. 1988; Black et al. 1997; Jones et al. 2001; .
We found 183 AGNs that have the spatial correlation between the directions of UHECRs and the positions in the 3FGL catalog; however, their redshifts of 69 out of 183 are unknown. If their redshifts can be obtained in future observations, we can systematically evaluate the possibility of acceleration of UHECRs in these AGNs. In addition, we found 120 unidentified gamma-ray sources that are spatially correlated with UHECRs. These sources could significantly contribute to the acceleration of UHECRs. We plan to observe these sources with optical telescopes for the determination of their redshifts and source types. If the sources are AGNs with z < 0.1, we can discuss whether they can accelerate UHECRs using the evaluation method established in this paper. Several sources have already been observed by the SOAR 4 m optical telescope (Alvarez Crespo et al. 2015) .
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